In this paper, a general design method for multifunction converters using photovoltaic systems is proposed.
Introduction
The world is currently faced with a continuous decrease in traditional fossil fuels as well as increasingly serious environmental pollution and warming due to the greenhouse effect. Consequently, the search for clean energy substitutes for traditional fossil fuels has attracted global attention. Renewable energy resources such as solar energy, wind energy, geothermal energy, and biofuel are appropriate and necessary alternatives. The introduction of renewable energy sources into the traditional power grid via distributed generation (DG) has led to the development of the microgrid concept. Many studies have aimed to efficiently exploit renewable energy resources. In these, solar energy seems more popularly exploited because of its advantages. The structural model of a photovoltaic (PV) system was presented in [1, 2] , and strategies for extracting power from PV systems at maximum power point operation were introduced in [3] [4] [5] . The PV system is an important module of a PV generator (PVG), acting as a primary energy source. For grid connection and power injection (POI) into the utility grid of PV systems, DC-DC converters and DC-AC inverters are used. Many researchers have recently proposed various strategies for connection and POI into the PVG utility grid [6, 7] . In such works, the full controlling method used in the PVG generates maximum output power and it can be operated as a reactive power compensator. Using the controller presented in these works, the output reactive and active power of a PVG can be controlled simultaneously, similar to using a conventional synchronous generator in the power system.
The development of the PVG is essential to help solve the traditional energy crisis. However, the involvement of PVGs on the main grid, along with the increase of the nonlinear load, decreases the power quality (mainly due to harmonic currents), especially in the grid-connected case of the microgrid. The first solution to reduce the harmonic currents in the grid generated by the PVGs and nonlinear loads is to use active power filters (APFs). The APF model and control techniques have been studied, implemented, and effectively applied to the utility grid [8] . In [9] [10] [11] [12] , the authors presented a new hybrid APF model, which can be applied to medium-and high-voltage grids. Energy sources for the APF are usually taken from the main grid through a rectifier. Studies on the use of PV systems as a primary energy supply for APFs were analyzed and presented in [13, 14] .
The second solution is to improve the control quality of the DC/AC inverters. In [13, 14] , Wu et al. proposed a current controller based on amplitude-clamping and amplitude-scaling algorithms; this control method aims to prevent the output current from exceeding the switch rating and improve the flexibility of PVG in terms of changing operation modes. In this work, the active and reactive powers and distortions are controlled by complex control coefficients. Therefore, the stability of the control system depends on the control coefficients, and the system may be insecure. In [7, [15] [16] [17] , one solution for the injected power and harmonic compensation of the PVG system is to adopt a dual-level inverter. The advantages of this solution are its simplicity and the simultaneous realization of the POI into the utility grid and harmonic compensation. However, this is not an ideal solution, because it must be used through 2 IGBT bridges, which increases the costs of implementation, and the 2 inverters work as 2 separate converters. To overcome such problems, a flexible control method using the harmonic voltage signals for a voltage source inverter (VSI) was introduced in [18, 19] . With this control method, the reference signal for the control system of DG is the harmonic voltage, and the DG can perform 2 functions simultaneously: injecting power into the utility grid and reducing the harmonic currents. However, the harmonic components of the voltage are very small compared to the currents. Therefore, the reference signal for the control system of the DG based on harmonic voltages will severely limit the sensitivity of the system, especially in the grid-connected mode of the microgrid.
Improvement of the effectiveness of the exploitation of PV systems has been implemented in previous works, as mentioned above. In practice, the total power-generating ability of PVGs is higher than the load power demand due to the abundance of solar radiation, and the power quality is not high, especially in the microgrid system. Furthermore, the operation of the system with high DG penetration does not guarantee spinning reserve and stability [20, 21] . In this case, the best solution is to switch several DG systems from the POI to the harmonic suppression (HAS) mode. To do this, the controller of the DG must be flexible and intelligent. In [22] , a multifunction converter (MFC) model for photovoltaic systems was proposed. In this model, a PVG can automatically or manually switch control between the 2 modes of working (POI mode or HAS mode) depending on the status of the utility grid, the weather conditions, and the requirements of the operator.
Existing methods only deal with the case of fixed system parameters (i.e. resistances, inductances, and capacitances). In real-world situations, however, system parameters may change over time and may not be determined accurately. As a result, performance quality and stability may not be obtained in real operation.
To improve the quality, efficiency, and robustness of MFCs, this paper proposes a novel generalized method for designing the controller of MFCs.
Using the proposed method, the PVG controller can flexibly switch between HAS and POI modes, as achieved in [22] , and can operate accurately and efficiently, even under varying system parameters. The controller of the proposed model is designed based on a combination of the Lyapunov technique and the generalized algorithm for determining the optimal values of the stability bound. Simulations and experimental results are provided to validate the accuracy and effectiveness of the proposed model. Figure 1 shows a single-line diagram of a three-phase PVG system connected to the power grid at the point of common coupling. It consists of PV arrays connected to a series with a DC-DC converter, called a PV-DC source block. The DC-DC converter acts as a solar energy extractor, ensuring operation at the maximum power point of the PV arrays. Next, the PV-DC source block is connected to a series with the VSI (note that in the dynamic analysis, the PV-DC source block can be considered as an equivalent capacitor C e , as shown in Figure 1 ). In Figure 1 , the inductor L f and the capacitor C f form a low-pass L-C filter that removes the highfrequency switching harmonics generated by the VSI of the PVG. The coupling inductor L c (shown in Figure   1 ) acts as a connecting inductor; its main role is to reduce the current oscillation when there is a closed-open connection between the PVG and the main grid at the local bus. At the same local bus, a linear and a nonlinear load are also connected and unconnected through CB L1 and CB L2 . The amount of power actively injected into the main grid from the PVG is determined by the PV-DC source block output voltage and current. The MPPT control circuit is an important part of the PV-DC source; its objective is to set up the PV arrays output reference voltage corresponding to the PV maximum power [3] [4] [5] . The inputs of the MPPT controller are the output voltage and current of the PV-DC source block. The most important block in each PVG is the VSI, which acts as both the DC-AC converter and the MFC of the PVG in this work. The PCC-and DC-link bus voltages are sensed through the proper voltage-sensing circuitries, and the actual load and PVG currents are sensed using a current sensor. The sensed signals become the input signals of the control system. The details of the multipurpose control method for VSI based on the Lyapunov function are presented in the next section. 
General system description

Generalized design of the PVG control system based on the Lyapunov function
Mathematical model of the PVG in a d-q synchronous reference frame
As mentioned in [22] , to simplify the calculation, capacitor C f can be ignored. The resultant equivalent singlephase circuit of the PVG is shown in Figure 2 , in which 
where the notation "•" is the first-order derivative in time, and
is defined as a switching state function, in which u s is the switching function of the IGBT bridge (as presented in [22] ). Eqs. (1)- (3) can be expressed using the matrices below.
where x 1 , x 2 , and x 3 are the state variables of the PVG system;ĩ pv d andĩ pv q are the reference currents calculated from the load; andṼ DC−link is the reference voltage at the DC-link bus. Substituting the aforementioned relations into Eq. (4), we have:
Eq. (6) can be expressed in reduced form as follows:
where
T are the control signals and the disturbance inputs of the PVG control system, respectively. Please note that, in practice, the disturbances ζ in Eq. (7) consist of both the disturbances caused by voltage fluctuations and the unpredictable disturbances caused by the change in the system parameters, as mentioned in Section 1.
Preliminary design of the MFC control system based on the Lyapunov function
According to Lyapunov's stability theorem [23] , a nonlinear system is globally and asymptotically stable if the
In this paper, the control law for the PVG system is an error function defined to consist of 3 states based on the Lyapunov function method, as follows:
where x 1 , x 2 , and x 3 are defined in Eq. (5). For system stability, the first derivative of V (x) should be negative; to this end, without loss of generality, we can define the first derivative function as:
where λ = (λ 1 , 0, 0; 0, λ 2 , 0; 0, 0, λ 3 ) with λ 1 , λ 2 , and λ 3 as strictly positive quantities. By substituting Eqs.
(6), (7) , and (8) into (9), we have:
For a case with no disturbances (i.e. ζ =0), from Eq. (10), the switching state function of the control system can be expressed as:
δ n q = (
where λ 1 and λ 2 are determined by the general stability condition of the Lyapunov function as follows:
Please note that the third condition of Eq. (13) is always satisfied; hence, from Eq. (13) we have the following general stability condition of the control system:
where x 10 and x 20 are the absolute error bounds of x 1 and x 2 , respectively.
Impact analysis of unpredictable parameters on the stability condition
As mentioned in Section 1, the response of the control system is dependent on the actual values of the system parameters, such as resistances and inductances. Moreover, the change in the system parameters cannot be determined accurately. Without loss of generality, in this work we assume that the disturbance input of the control system of PVG (ζ) is a function of the system parameters. However, Eq. (4) shows that the dependence of the disturbances on the resistances is insignificant. Additionally, this equation also indicates that the voltage disturbances are small in comparison to the inductances and disturbances. Hence, to simplify the estimation in this paper, we focus only on the dependence of the disturbances on the inductances. Figure 3 shows the dependence of the values of ξ max and λ on inductance L e . Figure 3 shows that the change in the disturbances (and the bound of the general stability condition) strongly depends on the change in the inductances. Therefore, the quality, stability, and target of the control systems will not be satisfied during operation unless the bounds of the general stability condition are determined accurately. In the proposed method, we assumed that the change in system parameters is limited to ± 20% of the initial Figure 3 , the optimal values of the stability bounds under the condition of uncertain system parameters are as follows:
Generalized design of the MFC control system
values (i.e. 0.8{L pv0 } ≤ { L pvi } ≤ 1.2{L pv0 } ). From     λ 1−optimal > |ζ1| max − max x10 λ 2−optimal > |ζ2| max − max x20 .(15)
Implementation of the control system
A block diagram of the principle of the control system of the PVG proposed in this paper is shown in Figure 4 . It consists of a phase-locked loop (PLL) module, transformer for transitioning from the three-phase coordinates to the dq0 frame, load current calculator, mode selector, use of the Lyapunov control technique to determine the control signal module, and pulse-width modulation generator. For the PLL module, to simplify the implementation and decrease the time delay, a PLL structure based on a second-order generalized integrator (SOGI-PLL) [24] is adopted in this work. The load and PVG output currents i L and i pv are converted from the three-phase coordinates to the dq0 coordinates. The fundamental frequency and harmonic components of the load current are determined with the load current calculator. Accurate estimation and measurement of the fundamental and harmonic currents is important. If the power frequency of the signal is steady and near the nominal value, the discrete Fourier transform (DFT) can be used to achieve good estimation performance. However, there are considerable power frequency variations in an isolated system, such as a microgrid working in stand-alone mode. These variations may introduce substantial phase errors in the estimates if the DFT is adopted. To address this problem and easily realize a digital signal processor (DSP)
for real-time implementation, the sliding discrete Fourier transform (SDFT) [25] is used in the calculation of the load current. The inside of the circuit diagram of the load current's calculation block, using the SDFT technique, is expressed in detail in [22] . The output of this block yields the load fundamental current i LF dq , the load harmonic current i LH dq , and the total harmonic distortion (THD) of the load current. The next block is the mode selector, which allows the user to select the operation modes. When the manual modes are used, the PVG is only operating in a single mode (HAS or POI) during operation. In contrast, in the automatic mode, the MFC will automatically change to operating mode according to the input signals, such as the THD of the load current, the balance between power generation and power demand in the main grid, and weather conditions. The threshold of the input control signals can be changed using control programs. The MFC in this paper is designed based on the Lyapunov control technique. This is the most important module and the center of the control system used in the PVG. The input signals of the MFC consist of (as shown in Figure 4 ) the output of the mode selector (1, 2, or 3), outputs of the current calculator (i LF dq , i LH dq , THD), DC-link bus voltage and its reference value, VSI output current (i pv−dq ) , and PCC voltage. The main role of this block is to create a global switching function through Eqs. (11) and (12) to the PWM generator module in all operating situations of the PVG.
Simulation and experimental results
Simulation results
The proposed model and the flexible control strategies based on Lyapunov's stability theory are verified through simulation in the MATLAB/Simulink environment. The main purpose of the simulation is to test the effectiveness and accuracy of the control strategy used in PVG in various operation modes. In this simulation, the main frequency of the power grid is 50 Hz, and the harmonic current sources are generated by the half-wave three-phase diode rectifier. Moreover, the power grid voltage in this simulation is 380 V (phase-phase), and the control signal of the IGBTs is generated using a pulse-width modulation generator, such that the amplitude and frequency of the carrier wave are ± 100 V and 10 kHz, respectively. The detailed control parameters used in the simulations are given in the As shown in this figure, the PVG always operated as a power generator in this mode, even if the THD of the load current significantly increased. Moreover, in this case, the power injected into the main grid is always equal to the maximum power extracted from the photovoltaic system, even if the power load changes (at t = 0.1 s and through 2 circuit breakers, CB L1 and CB L2 ). In contrast to the POI mode, in the HAS mode the PVG always operated as an active power filter. Figure 6 shows the simulation results in this mode, indicating that the grid current has almost eliminated the harmonic elements, whereas the power injected into the main grid from the PVG is almost zero. Note that if the THD of the load current is negligible, PVG-connected grid presence does not affect the power quality of the main grid in this mode (as shown in Figure 6 before t = 0.1 s).
To verify their effectiveness and accuracy under all conditions, the simulations are realized in 3 modes under different load currents. Figure 5 illustrates the simulation results of the PVG system in the POI mode. PCC voltage, load current (i La ), grid current (i sa ), and PVG current (i pva ) are included in phase (a). We now consider a PVG operated in AUTO mode under various power loads. The power loads vary among 3 levels: a linear load (with the THD of the load current being less than the threshold THD, and the load power being larger than the maximum power of the PV arrays), a nonlinear load (with the THD of the load current exceeding the threshold THD), and another linear load (with the load power being less than the maximum power of the PV arrays). At first, a linear load similar to the prior simulations is connected to the PCC. At t = 0.1 s, a nonlinear load is connected to the PCC. This process is continued until t = 0.2 s, at which time the prior loads (linear and nonlinear) are removed and another linear load (in which the power capacity is less than the maximum power extracted from the PV arrays) is connected. The simulation results are shown in Figure 7 , revealing that the proposed model can provide flexibility, accuracy, and fast responses.
In Figure 7 , at t = 0.1 s, the proposed PVG automatically changes from POI to HAS mode (because THD is larger than THD thres ) , and the responses of the power and current are the same as in prior simulations. At t = 0.2 s, the PVG automatically reverts to POI mode. In addition, after t = 0.2 s, all the load power is provided by the PVG, and the remaining PVG power is injected into the main grid (because the maximum power extracted from the PV arrays is larger than in the grid-connected load in this case). This leads to the grid current phrase being antiphase with the PCC voltage, as shown in Figure 7 . A more detailed observation of the power response of the proposed model is shown in Figure 8 . In brief, the simulation results show that the proposed PVG model can provide flexibility, accuracy, and fast responses in all cases of the grid-connected load. In the HAS mode, the harmonic elements of the grid current have been virtually eliminated, while in the POI mode, the power injected into the main grid (including grid-connected loads) from the PVG is always equal to the maximum power extracted from the PV arrays. This helps exploit renewable energies more effectively.
We now consider a variable system parameter case. In this simulation, we assumed that the change of system parameters is limited to ± 10% of the initial value. The responses of the currents under variations of system parameters are shown in Figure 9 . Figure 9 shows that when the method of [22] is used, the error of the control system significantly increases. However, if the proposed method is used, the error of the control system is just a negligible change, and the quality of the PVG system is still achievable. 
Experimental results
To confirm the effectiveness of the PVG with the proposed topology and control strategy, experiments were conducted employing a laboratory test system on a 60-kVA setup. A TI TMS320F2812 DSP is used to implement the control methods based on Eqs. (5), (11) , and (12) with a sampling frequency f =10 kHz. The control parameters are the same as those in the simulations and can be changed through keyboard input. The renewable energy resources in these experiments are the PV arrays, with a total peak power of 5 kW. In these experiments, the nonlinear load is taken to be a half-wave three-phase rectifier terminated to a resistive assembly, and the linear load is a resistive load. The experimental results for the POI mode are shown in Figure 10 . As shown in this figure, the PVG always operated as a power generator in this mode, even when the THD of the load current increased significantly. Moreover, in this case, the power injected into the main grid is always equal to the maximum power extracted from the PV arrays, even if the power load changes. Figure 11 shows the experimental results for the HAS mode.
In this experiment, the load current is the same as in the prior experiment. Figure 11 shows that, in this case, the PVG always operated as an active power filter, and the grid current almost eliminated the harmonic elements. Furthermore, the power injected from PVG into the main grid is almost zero. Figure 12 shows the experimental results in AUTO mode. In this experiment, the load current is changed from a linear load to a nonlinear load. When the load current is linear (the THD of the load current is less than the threshold THD), the PVG operates in POI mode. It automatically changes to HAS mode if the THD of the load current is larger than the threshold THD. From these figures, it can be seen that the proposed PVG model operates correctly in all modes. Additionally, the proposed controller has good steady-state and dynamic response characteristics regardless of whether the load is changed or not. Similar to the simulations, in order to demonstrate the effectiveness and correctness of the proposed method, the experiments were performed for various system parameters. The experimental results for this case are shown in Figure 13 . They yet again confirm that the system performance is sensitive to the system parameters and only can achieve good performance under various system parameters if the values of λ 1 and λ 2 are exactly determined as in Eq. (15) . Therefore, the exact determination of stability bounds of the MFC, especially in the case of the change of system parameters, is important and should be done carefully. 
Conclusion
In this paper, a generalized design method for MFCs used in photovoltaic-based inverters is proposed. Using the proposed model, a photovoltaic generator can provide flexible, accurate, and fast responses for both POI and HAS modes. The influence of the system parameters on the quality of the control system in PVG was also analyzed in detail. It was shown that the robustness and stability of the control system are highly dependent on the system parameters. Moreover, the system parameters cannot be accurately determined, because their values depend on elements such as the environment temperature, operating time, and equipment quality. The controller proposed in this paper is designed based on the Lyapunov technique and the generalized algorithm for determining the global optimal values of the stability bounds. It guarantees that the proposed converter will perform accurately and efficiently both in the case of fixed system parameters and in that of varying system parameters. The other advantage of the proposed controller is its fast dynamic response and small steady-state error in tracking the current signal. Simulation and experimental results have been obtained to demonstrate the robustness and effectiveness of the proposed model and control strategy. The experimental results confirm that the system performance is sensitive to the system parameters and can only achieve good performance under various system parameters if the values of the stability bounds are exactly determined. Therefore, exact determination of the stability bounds of the MFC, especially in the case of change in system parameters, is important and should be done carefully.
The proposed model and control strategy are a powerful approach to improving the power quality and optimal operation in a power grid, including a microgrid system.
